Objective: Retinal neovascularization is a severe complication of many ocular diseases. To clarify the possible functions and therapeutic potential of long non-coding RNAs (lncRNAs) and messenger RNAs (mRNAs) in retinal neovascularization, we assessed their expression profile in a mouse model of oxygen-induced retinopathy (OIR). Methods: Microarray analysis was performed to identify altered lncRNA and mRNA expressions between OIR and control mice. The microarray results were validated by qRT-PCR. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were conducted to determine biological functions and signaling pathways of the altered or interacted mRNAs. A coding-non-coding gene co-expression (CNC) network was constructed to identify the interaction of lncRNAs and mRNAs.
Introduction
Proliferative diabetic retinopathy (PDR), retinopathy of prematurity (ROP) and retinal vein occlusions are major causes of blindness worldwide, and retinal neovascularization is the key pathogenesis of these ocular diseases [1] . Although anti-vascular endothelial growth factor (VEGF) therapies have been
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International Publisher applied in those retinal neovascular diseases [2] , the effect and efficiency is not satisfied in some patients [3] , and intravitreal injection of anti-VEGF agents may also lead to numerous systemic and local complications, such as tractional retinal detachment, endophthalmitis and acute elevation of blood pressure [2, 4] . Thus, identification of novel targets that play important roles in retinal neovascularization is urgently needed to treat patients who are not responsible for anti-VEGF therapy.
Long non-coding RNAs (lncRNAs) are more than 200 nucleotides long that function at chromatin organization [5] , transcriptional and post-transcriptional regulation [6] . LncRNAs locate in the nucleus and/or cytoplasm, and are recognized to be expressed in a tissue-specific manner [7] , indicating that lncRNAs may play crucial regulatory roles in a wide range of biological and pathological processes [8] [9] [10] [11] [12] . Moreover, studies have shown that dysregulation of lncRNAs is associated with several ocular diseases, such as diabetic retinopathy [13, 14] , glaucoma [15] , proliferative vitreoretinopathy [16] and retinoblastoma [17] . Moreover, targeting some important lncRNAs, such as MIAT [14] and MALAT1 [18] , have been proved to ameliorate pathogenesis of diabetic microvascular complication. Oxygen-induced retinopathy (OIR) is a mouse model which widely used in investigating retinal neovascularization [19] [20] [21] . However, the expressions profile and functions of lncRNAs in retinal neovascularization still remain unclear in this model.
In this study, we performed microarray to profile the lncRNAs and mRNAs expression in a mouse model of OIR. Subsequently, we interrogated the putative functions of the altered lncRNA and mRNAs through the in silico analysis to reveal the underlying regulatory networks in retinal neovascularization. Our results provide a clue for understanding the potential mechanism of ocular pathological neovascularization on the lncRNA aspect.
Materials and Methods

Animals and ethics statement
C57BL/6J mice were purchased from Hunan SJA Laboratory Animal Co., Ltd. and were used in all experiments. All of the experimental procedures in the present study were approved by the Institutional Animal Care and Use Committee of Central South University, China. Animals were treated based on the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Oxygen-induced retinopathy mouse model
OIR mouse model was induced as previously described [19] [20] [21] . In brief, newborn pups were exposed to 75% oxygen at postnatal day 7 (P7), and were returned to room air 5 days later at P12. We used pups kept in room air continuously as the control group. Retinas were collected at P17 in both OIR and room air control mice.
Microarray analysis
We isolated total RNA from retinas by using Trizol RNA extraction kit (Invitrogen life technologies). Retinas from both eyes of a mouse were mixed as one sample. The quantification of RNA was assessed by Nano Drop ND-1000, and standard denaturing agarose gel electrophoresis was performed to evaluate RNA integrity. The expression profile of lncRNAs and mRNAs were detected by Arraystar Mouse LncRNA Microarray (V3.0, including 35923 lncRNA and 24881 mRNA transcripts). A total of 6 samples (3 OIR and 3 room air controls) were used for microarray analysis. The tissue preparations and microarray hybridization were performed by using the Agilent Gene Expression Hybridization Kit (Agilent Technology, USA). Acquired array images were analyzed by Feature Extraction software (Agilent Technologies, version 11.0.1.1).
Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR)
Total RNA of 500 ng was reverse-transcripted using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA) and oligo (dT) primers. Quantitative PCR primer sequences are listed in Table 1 . qRT-PCR was conducted on the Applied Biosystems® StepOneTM Plus Real-Time PCR System (Thermo Scientific, Waltham, MA, USA) using FastStart SYBR Green Master (Sigma, St. Louis, MO, USA). Relative quantification data were normalized to β-actin and analyzed by ∆∆Ct method which has been previously described by Livak [22] .
Gene Ontology (GO) analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and lncRNAs/mRNAs co-expression network
To reveal putative biological changes in mRNA profile and the possible influence of these co-expressed genes and lncRNAs between OIR and control mice, GO analysis (http://www.geneontology.org) and KEGG pathway analysis (http://www.genome.jp/ kegg/) were conducted on altered mRNAs, and the interacted mRNAs within the network.
This coding-non-coding gene co-expression (CNC) network was constructed from 4 validated lncRNAs, and the Pearson correlation coefficients (PCCs) ≥ 0.99 was chosen as the baseline of correlation analysis. Cytoscape V2.8.3 (The Cytoscape Consort-ium, San Diego, CA, USA) was used to graphically represent the interaction.
Statistical Analyses
The statistical difference was assessed by Student t-test. Differentially expressed RNAs were identified by fold change (FC)≥2.0 and P＜0.05.
Results
Altered lncRNA and mRNA expression identified in mouse OIR retinas
To investigate the potential difference in retinal lncRNAs and mRNAs expression profile between OIR mice and room air controls, the microarray was performed to detect 35,923 lncRNAs and 24,881 mRNAs transcripts. Our microarray data analysis revealed that 198 and 175 lncRNAs were significantly upregulated and downregulated, respectively in OIR retinas compared to room air controls (FC ≥ 2.0, P<0.05) (Fig.1A, Supplementary Table 1 ). The top 20 most significantly altered (both upregulated and downregulated) lncRNAs are listed in Table 3 -4. The hierarchical cluster of heat map (Fig. 1C) showed the top 20 significant upregulated and downregulated lncRNAs, and ENSMUST00000153785 and NR_037990 are up-and down-regulated lncRNA transcripts with the most significant changes. Moreover, the hierarchical cluster analysis in Fig. 1C suggested successfully classified lncRNAs expression profile among OIR mice and controls.
We also identified that 412 and 127 significantly increased and reduced mRNAs, respectively in OIRs compared to room air controls (fold change ≥ 2.0, P<0.05) (Fig.1B, Supplementary Table 2 ). The top 20 significantly altered (both upregulated and downregulated) lncRNAs are listed in Table 5-6 . Among them, edn2 and fmo3 are the up-and downregulated genes with the most significant changes in OIR retinas. Meanwhile, the hierarchical cluster of heat map (Fig. 1D ) also showed the classification of mRNAs expression profile in the P17 OIR retinas as well.
Validation of differential lncRNAs expression by qRT-PCR and nearby coding gene expression analyses
LncRNAs were selected for qRT-PCR validation from those which have their nearby associated coding genes, and the genomic position of the coding gene is within 300kb upstream or downstream of the altered lncRNA region. Four lncRNAs, ENSMUST00000165 968, ENSMUST00000153785, ENSMUST00000134409, and ENSMUST00000154285 were selected to validate the altered lncRNAs in microarray analysis by qRT-PCR. The results showed that the expression of ENSMUST00000165968 and ENSMUST00000153785 was significantly increased to 11.60±3.25-fold and 46.16±13.39-fold in OIR mice (p=0.0173 and p=0.0151, respectively; Fig. 2 ). Likewise, ENSMUST00000134409 and ENSMUST00000154285 were significantly decreased to 0.24±0.024-fold and 0.30±0.093-fold in OIR mice (p<0.0001 and p=0.0336, respectively; Fig. 2 ). The qRT-PCR results were consistent with the microarray altered expression data in Table 2 . These data suggested the reliability and reproducibility of the lncRNAs expression profile detected by microarray.
To explore the possible role of altered lncRNAs in local regulation of gene expression [23] , we further analyze the nearby coding gene pairs (distance≤300 kb) based on the genomic information of the validated lncRNAs. We found that the expression level of the lncRNAs' nearby genes all increased significantly in OIR retina (Table 2 ). For example, serpina3 within upstream of ENSMUST00000165968 and FGF2 within the intronic antisense strand of ENSMUST000001537 85 were up-regulated in OIR retina compared to control, respectively. Moreover, COL4A2 within upstream of ENSMUST00000134409 and C1QA within downstream of ENSMUST00000154285 showed increased expression levels.
GO enrichment and KEGG pathway analyses on differentially expressed coding genes
All the 539 altered mRNAs underwent GO enrichment analysis and KEGG pathway analysis. The top 10 enriched GO terms on upregulated genes were listed including immune system process (ontology: biological process, GO: 0002376), extracellular region (ontology: cellular component, GO: 0005576) and binding (ontology: molecular function, GO: 0005488) (Fig. 3) . On the other hand, the top 10 enriched GO term on downregulated genes were listed including sodium-independent organic anion transport (ontology: biological process, GO: 0043252), extracellular region (ontology: cellular component, GO: 0005576) and exopeptidase activity (ontology: molecular function, GO: 0008238) (Fig. 4) . Figure 2 . Validation of differential lncRNA expression by qRT-PCR. Relative expression of lncRNAs ENSMUST00000165968, ENSMUST00000153785, ENSMUST00000134409, and ENSMUST00000154285 in the retina from OIR and control mice was shown. As compared to control, n = 4 for each group. *, P < 0.05; ***, P < 0.001, Student t-test.
KEGG pathway analysis was conducted and demonstrated that the upregulated genes were involved in ECM-receptor interaction, phagosome, PI3K-Akt signaling pathway, and TNF signaling pathway (Fig. 5A) . While downregulated genes were enriched in the pathways including protein digestion and absorption, vitamin digestion and absorption, and neuroactive ligand-receptor interaction (Fig. 5B) .
The lncRNA-mRNA co-expression network with GO enrichment and KEGG pathway analyses CNC network analysis was constructed according to 4 validated differentially expressed lncRNAs with 410 interacted mRNAs. It was composed of 414 nodes (lncRNAs and mRNAs) and 509 edges to connect these nodes, which include 280 positive (continuous lines) and 229 negative (dotted lines) interactions between lncRNAs and mRNAs (Fig. 6) . Three of the selected 4 lncRNAs (ENSMUST000001659 68, ENSMUST00000153785 and ENSMUST000001344 09) were connected by mRNAs. In particular, two upregulated lncRNAs, ENSMUST00000165968 and ENSMUST00000153785 were connected by a large number of mRNAs, which demonstrated that these lncRNAs might have more common functional pathways in retinal neovascularization. In order to predict the functions of the lncRNAs, we performed GO and KEGG pathway analyses of those interacted mRNAs according to the results of the CNC network. The top 10 enriched GO terms on these interacted genes were listed including blood vessel development (ontology: biological process, GO: 0001568), cell part (ontology: cellular component, GO: 0044464) and binding (ontology: molecular function, GO: 0005488) (Fig. 7) . On the other hand, KEGG pathway analysis showed the top 10 pathways of those interacted mRNAs enriched, including cell adhesion molecules (Fig. 8) .
Discussion
Previous studies investigated the role of several kinds of molecules and cells in retinal neovascularization by OIR mouse model [24] [25] [26] [27] . By using microarray analysis, a study assessed the lncRNA expression profiles in the retina of OIR mice; however, the study only examined lncRNA expression in OIR retinas at P7, P12 and P17, and have not compared the OIR retinas to room air controls at the same time point [28] . In the present study, we analyzed the lncRNAs and mRNAs expressions in OIR retinas compared to room air controls at the same age of P17 (the peak of neovascularization [19] ), which indicated the comparison between disease group and healthy control group.
In the present study, the altered mRNA-based GO enrichment analysis has shed light on the mechanism of retinal neovascularization in OIR. Immune system process [29, 30] and response to stress [31] are well-established factors contributing to the pathogenesis of retinal neovascularization. For example, IL-12 was reported to reduce both avascular areas and neovascular tufts in OIR mice retina through enhancing the expressions of IFN-γ and other downstream chemokines [25] . Furthermore, the over-production of reactive oxygen species (ROS) triggered by retinal hypoxia in OIR situation often activates NADPH oxidase, and in turn arouses intravitreal neovascularization by the activation JAK/STAT pathway [32, 33] . In addition, our results also implicate that some other unreported biological processes such as anion or ion transport were also involved in the retinal neovascularization of OIR mice.
Our pathway analysis on mRNAs suggested some crucial pathogenic mechanisms about retinal neovascularization. For example, a number of studies have shown that vitreous collagen and integrins [34, 35] provide essential substrates for the preretinal vasculature. This is in line with our findings that upregulated genes were also enriched in the ECMreceptor interaction pathway. Moreover, some other pathways, such as PI3K-Akt signaling pathway [36, 37] , and TNF signaling pathway [38] have been widely reported to impact the retinal neovascularization, and were also been enriched in our present study (Fig. 5A) . We also mentioned some pathways regarding cellular basic processes, including protein digestion and absorption, vitamin digestion and absorption, which indicated that OIR situation would harm the metabolism of the retina.
Our microarray data suggested that several angiogenesis-related genes other than VEGF regulated by lncRNAs, such as collagen type Ⅳ alpha (COL4A)1 and COL4A2, were significantly increased in OIR mice retinas (Supplementary Table 2 ). Moreover, COL4A2 is a nearby gene of ENSMUST000 00134409 at upstream ( Table 2 ). It is suggested that spontaneous retinal and subretinal neovascular lesions occurred in COL4A1 mutant mice, and they proposed that COL4A1 or COL4A2 mutations may lead to higher risk for development of visionthreatening retinopathy [39] . Another study reported that patients with COL4A1 mutation could develop peripheral corneal opacities with corneal neovascularization [40] . In addition, COL4A1 or COL4A2 mutations may cause ocular, cerebral, renal and muscular defects, as a result, ophthalmologic examination on retinal vascular tortuosity is recommended to evaluate COL4A1-and COL4A2-mutated cerebrovascular disease [41] . Fibroblast growth factor (FGF) 2 is a potent pro-angiogenic factor that has been regarded as a therapeutic target in retinal neovascularization [42] , and may also be important in the maintenance of neuroretinal function in OIR model [43] . In the present study, the gene of FGF2 increased to 2.25-fold (P=0.003) in OIR retinas, and act as the intronic antisense of altered lncRNA ENSMUST00000153785 (Table 2) , which indicated the possible functions of lncRNA in retinal neovascular diseases. Likewise, another gene transforming growth factor-beta (TGFB) 1, which is also involved with retinal neovascularization [44, 45] was also increased significantly in OIR retinas, which is positively related with upregulated lncRNA ENSMUST00000165968 (Fig. 6) .
The GO analysis of the CNC network revealed that the interacted genes regulated by altered lncRNAs are mainly involved in blood vessel development, vasculature development and angiogenesis (Fig. 8) , suggesting that the altered lncRNAs play critical roles in the pathogenesis of retinal neovascularization through regulation of its target genes. Leukocytes play a mediated role in retinal vascular remodeling where leukocytes adhere to the vasculature by CD18 and remodel it by Fas ligand-mediated endothelial cell apoptosis [46] . We had previously demonstrated that M2-polarized macrophages were recruited by hypoxia in the inner layer of retinas in the OIR model [27] . Our KEGG analysis showed that the interacted genes were enriched in cell adhesion molecules (CAMs) and leukocyte transendothelial migration, indicating that leukocyte including macrophage adhesion molecules might be involved in the mechanisms of pathological retinal neovascularization through lncRNA regulation.
In conclusion, we demonstrated that numerous lncRNAs and mRNAs are significantly altered in the retina of OIR mice compared to control mice. Further, in silico analysis indicate that altered lncRNAs were enriched in a variety of biological process that being related to angiogenesis and vasculature development as well as cell adhesion molecules pathway. Our results highlighted that altered lncRNAs and its target genes play important roles in the ischemia-induced retinal angiogenesis however functional assessment of individual lncRNA should be guaranteed in future studies to illustrate their roles in retinal neovascularization.
